The electrochemical capacitance-voltage (ECV) profiling technique is employed to measure the active carrier concentration in nanoscale layers fabricated by focused ion beam (FIB) implantation of 3 to 10 keV Ga+ ions into crystalline Si. The carrier concentration profiles obtained by ECV indicate the ability of this technique to probe depths as shallow as 2-3 nm and with a nanometer-scale depth resolution. The carrier concentration obtained by ECV matches well with the Ga atomic concentration profile detected by secondary-ion mass spectroscopy, but is almost an order of magnitude higher than that provided by the spreading resistance profile technique.
The electrochemical capacitance-voltage (ECV) profiling technique is employed to measure the active carrier concentration in nanoscale layers fabricated by focused ion beam (FIB) implantation of 3 to 10 keV Ga+ ions into crystalline Si. The carrier concentration profiles obtained by ECV indicate the ability of this technique to probe depths as shallow as 2-3 nm and with a nanometer-scale depth resolution. The carrier concentration obtained by ECV matches well with the Ga atomic concentration profile detected by secondary-ion mass spectroscopy, but is almost an order of magnitude higher than that provided by the spreading resistance profile technique.
Characterization of electrically active carrier profiles of heavily doped and shallow (< 100 nm) layers of Si presents a challenging analytical task' towards the development of various semiconductor devices and, in particular, sub-micro meter CMOS technology. Ga+ focused ion beam (FIB) implantation has resulted in the fabrication of shallow p-type layers and p-n junctions. This is due to the low amorphization dose produced by the large atomic mass of 6gGa, which (a) allows solid-phase regrowth with a low thermal processing budget, hence minimizing diffusion; (b) results in a low percentage of channeling even at very low implant energies. 23 The use of FIB imp lantation4 provides the flexibility of a localized doping process, without the need for a mask or lithography.
Recently, the profiling of low energy Ga implants by secondary-ion mass spectroscopy (SIMS) has been reported' to provide a depth resolution as high as l-2 nm. However, this chemical dopant profile does not always give a good indication of the electrically active carrier concentration, which is critical for accurate device performance prediction. In order to measure the active carrier concentration, techniques such as spreading resistance profiling6 (SRP) or electrochemical capacitance-voltage'-' (ECV) profiling have been employed. ECV provides an elegant method for the determination of near-surface active dopant concentration, while the electrochemical etching of the original sample surface provides the depth profiling capability. The method employs the relationship between the applied reverse-bias voltage, the width of the resulting space charge region, and the carrier concentration. The latter is inversely proportional to the derivative of the C-V curve (i.e., dC/dV). The equations governing this method are available from standard semiconductor texts."
Ga+ FIB implantation was performed perpendicularly on p-Si wafers with (100) orientation and background doping of (3-6) X 1015 crnms3. The operation of the FIB system is described elsewhere.* implantations were performed at 3, 5, and 10 keV within an area of size 500 X 500 ,um' with doses ranging from 1013-10'5 cm-*, using an unseparated Ga beam of 400 pA. After the implant, solidstate regrowth was achieved by RTA at 600 "C for 30 s in Np Companion samples were prepared under the same conditions for SIMS and SRP analysis.
ECV analysis was carried out with a BioRad profiler PN4300." This technique uses a defined area of electrolyte contact to the semiconductor surface to form a zero-bias (or slightly forward bias) depletion region. An ac signal is superimposed onto the dc bias to measure the capacitance and hence the carrier concentration of the semiconductor material. This modulation signal enables the depletion width to be calculated without ramping the dc bias. Depth profiling is achieved by the electrochemical etching of the semiconductor material under the electrolyte "Schottky" contact. For samples used in this experiment, the sealing ring used to define the electrolyte contact area was larger than 500 X 500 pm2 windows in the oxide, hence a contact area of 0.0025 cm2 was used in the calculations for carrier concentration and etch depth. The electrolyte used was a 0.1 M solution of NH,F*HF. Figure 1 shows representative ECV profiles for samples implanted with 10 keV Ga+ ions at doses of lOI and 1015 cmm2. As can be seen, the carrier concentration can be obtained as close as 2-3 nm below the original surface and with a nanometer-scale depth resolution. In the nearsurface regions, both implant doses result in active carrier concentrations above the solid solubility'* of G-a ions annealed at 600 "C ( -7-8 X 10's cmm3). The difference in the minimum ("bulk") concentration in the two profiles in Fig. 1 arises from two ECV modes of operations. In the normal mode, the Schottky diode is held at zero or a slightly small forward bias, as explained above. A disadvantage of this mode is that the electrochemical etching 2 . ECV carrier-concentration profile for 5 keV Ga+ FIB implantatation into Si at doses of lOI and 10" cmd2 and annealed at 600 "C for tion into Si at doses of 10". 1014, and 1O'j cm-' and 3 keV Ga+ at a dose 30 s.
of 10" cm-.'. RTA at 600 "C for 30 s.
can take from several minutes to one hour, depending upon the thickness of the material being removed. In the second, less common, mode the bias voltage is rapidly stepped in the reverse-bias direction to increase the depletion width and hence profile the carrier concentration with minimum etching of the surface. This is a much faster measurement, but it works only for low-to-moderate concentrations due to breakdown. In these experiments, the samples with lower doses (i.e., lOI and lOI cm-*) were of sufficiently low concentrations such that the fast depletion profile mode was used. Under these conditions, the electrolyte was in contact with the oxide for a short time and the background capacitance arising from the electrolyte/oxide/ semiconductor structure was small. For the sample implanted with a dose of 10" cm-*, the fast depletion profile was not possible, and hence, the longer ECV profiling was necessary. In this case, the electrolyte resulted in a considerable amount of oxide thinning. In turn, this resulted in a higher background capacitance, and hence, a higher background concentration. Figure 2 compares the ECV carrier concentration profiles for the 5 keV implanted samples at doses of 1013, 1014, and lOI cm 2 and a 3 keV sample implanted with a dose of 1013 cmv2. The ECV technique clearly distinguishes the effect of dose on concentration profile in the near-surface ( < 15 nm) region. However, no effect is observed due to a reduction in energy from 5 to 3 keV at the low dose of lOI cms2. Figure 3 shows the depth of a 10 keV Ga implant with a dose of 1~ 1014 cm-* as determined from ECV, SIMS, and SRP. The good agreement between the atomic concentration profile provided by SIMS and the carrier concentration profile as measured by the ECV technique indicates that the majority of the implanted ions are electrically active. This agreement does not extend to the first l-2 nm below the surface because of transient effects in the SIMS analysis. The SRP-obtained concentration indicates a significant difference with the ECV and SIMS data at depths less than -20 nm. In general, there are a number of factors that limit SRP profiling of ultrashallow (~25 nm) regions. Some of the more serious limitations include carrier spilling, shallow angle bevels which affect the carrier distribution, and crystalline imperfections which can lead to noise problems due to a small sampling volume. SRP measurements also involve detailed interpretation due to the need for correction factors. Furthermore, SRP measurements require an accurate knowledge of the effective carrier mobility as a function of concentration. In the SRP profile shown in Fig. 3 , an effective value for the hole mobility of standard (boron-doped 9 p-type Si is assumed since the hole mobility in shallow layers obtained by low-energy Ga implantation is not known. However, the hole mobility of Gaf-doped Si has been shown13714 to be at least a factor of 2-10 times less than that for B-doped Si in regions with concentrations of 101g-1021 cmp3. In contrast, ECV measurements do not involve such difficulties and the data is unambiguous, providing the carrier concentration of the implanted regions without dependence on mobility. However, since the implantation is performed in p-Si, junction depths cannot be obtained by ECV measurements.
10 keV Ga'->p-Si/ 10'4cms2 In conclusion, the effectiveness of the ECV technique for profiling shallow layers of nanometer dimensions has been demonstrated. ECV results have been compared with SIMS and SRP data. The ECV technique is shown to be relatively straightforward, as it does not involve some of the complexities required by the other techniques. Nevertheless, no one technique can be deemed exclusive, as each provides useful information towards the ultimate goal of analyzing nanometer-scale layers.
